Patterning graphene into various mesoscopic devices such as nanoribbons, quantum dots, etc. by lithographic techniques has enabled the guiding and manipulation of graphene's Dirac-type charge carriers.
prepared in a graphene flake on SiO 2 , through an AFM indentation approach that combines the ability to write tailor made strain profiles, with the possibility to control the crystallographic orientation of the strain.
Results and Discussion
Our sample system consists of exfoliated graphene flakes on a silicon support, with a 300 nm SiO 2 capping layer. Being one of the strongest materials known [9] , it is natural to assume that in an AFM indentation experiment graphene does not get damaged in the initial phase of the indentation, while the SiO 2 substrate can undergo plastic deformation. Stopping the indentation before rupture of the graphene occurs, can leave the graphene membrane pinned to the deformed substrate. During indentation, the tip is lowered towards the sample surface until a pre-set cantilever deflection (see Methods). In the next step, the tip is either retracted or moved along a line on the sample surface ( Figure   1a ). The procedure can be repeated with changing the tip location, resulting in an indentation dot or line pattern (Figure 2a, b) . No significant damage to the graphene has been observed either through AFM or Raman measurements up to a final indentation depth of 1.5 nm. With deeper indentation, the rupture of the graphene layer becomes increasingly likely (see Supplementary Figure   S1 ). Imaging of the resulting patterns is done using the same tip in tapping mode, unless otherwise noted. Importantly, the crystallographic directions of the graphene can be revealed before patterning, by imaging the surface using a softer cantilever (typically 0.1 N/m force constant) in contact mode. In this case the frictional forces experienced by the tip are modulated by the atomic lattice (see inset in Figure 1b) .
To determine the magnitude of the strain, we have measured Raman spectroscopy maps of the indentation patterns, with the help of a confocal Raman microscope, using a 532 nm or 633 nm excitation laser. If graphene is subjected to tensile strain, both the G and 2D peak positions shift down in wave number, by a factor determined by the respective Grüneisen parameter [34, 33] . These parameters are in the range of ∂ω 2D /∂ ≈ −83cm −1 /%, Blue slope corresponds to the ratio of the Grüneisen parameters for the 2D and G peaks [33] , while the red slope is the shift due to p doping. The maximum average strain relative to the pristine graphene is 0.1%. (e) Raw Raman spectra in a single point measured on the various line patterns. (f, g) Plots of the G and 2D peak (colors correspond to the colors used in c). The spectra are offset in intensity with respect to each other for the sake of clarity. Data in this figure was measured, using 532 nm excitation. strain, as measured by Mohiuddin et al. [34] . The G peak has two Grüneisen parameters, because if the strain has a uniaxial character it will split into two subpeaks called G + and G − . From these parameters it is clear that the 2D peak shows much more shift as a function of strain than the G peak, making possible the detection of strains in the range of 0.01% [34] . Because of this property we choose to plot the 2D peak wave number in our Raman maps, to make the strain variations induced by the AFM tip clearer. In Figure 1c a plot of the 2D peak position can be seen across a sample area containing 2µm × 2.5µm arrays of line patterns similar to the one in Figure 1b , each array being composed of Figure S4 ). As the indentation depth is varied from array to array, from 0.15 nm to 0.5 nm, the downshift in G and 2D peak position becomes stronger, meaning increased strain (see Figure 1f ,g). Of course it has to be noted that the strain distribution within the indentation lines will be far from constant [15] and Raman spectroscopy only probes the average of the strain in the graphene inside the laser spot of roughly 500 nm diameter. Within these limitations we will quantify the average strain in these structures. In Figure 1d we show a correlation plot of the G and 2D peak positions, measured with 532 nm excitation. If the G and 2D peak shifts are due to strain effects, their shift is only determined by their respective Grüneisen parameters (∆ω G , ∆ω 2D ) [34] . Thus, the measurement points in the correlation plot will lie along a line, the slope of which is determined by the ratio of ∆ω 2D /∆ω G (blue line). This ratio lies within a range of 2.2 to 2.8, depending on the anisotropy in the strain distribution and the crystallographic direction of the strain in the pure uniaxial case [33] . In addition to strain, the change in the graphene chemical potential can also shift the peak positions. If doping effects are significant, the data points will show a deviation from the blue slope. If purely doping is the source of the peak shifts the G peak is more strongly affected than the 2D peak and the . Thus, the strain has a uniaxial character, being larger in the direction perpendicular to the indent lines [36] . In the case of the dot patterns, the 2D peak shift has a slight hexagonal character, which is aligned with the dot pattern (inset in Figure   2d ). In this case the peak is shifted to higher values by up to 2 cm −1 , if the polarization is perpendicular to the close packed direction of the indentation dots. Therefore, selecting the crystallographic orientation of the pattern, the direction of the strain with respect to the graphene lattice can be set.
The remarkable observation that graphene stays in the strained configuration after the AFM tip is retracted, leads us to explore the energetics of adhesion.
The pinning of graphene onto a corrugated substrate can be achieved if the adhesion energy due to van der Waals forces (E vdW ) is larger than the elastic energy (E el ) induced in the graphene. To be able to compare the two quantities in the present experiment it is necessary to know the exact geometry of the graphene in the pinned configuration. AFM probes with a nominal tip radius of curvature of 2 nm have been used to image indentation patterns (see Figure   3a) . Gaussians of the form: h 0 (1 − exp(−r 2 /2σ 2 )), with a variance σ in the 7 nm range and depths (h 0 ) from 0.7 to 1 nm, fit the AFM height data very well (Fig. 3c) . In estimating E el for the present graphene geometry, the bending energy can be safely disregarded, so that the elastic energy is assumed to be dominated by the in-plane stretching of the graphene membrane. In this regime we can apply the calculations of Kusminskiy et al. [37] for graphene adhered to a Gaussian depression, where the ratio of the Gauss depth to the variance determines the onset of depinning from the substrate. For a conservative assumption of graphene-SiO 2 adhesion energy [38, 39] of 2 meV/Å 2 the h 0 /σ < 0.28 ratio is needed for stable pinning of the graphene to the substrate. In the case of the dot patterns prepared here, this ratio is up to 0.14. From a mechanical stability point of view, this means that the graphene in the dot patterns is still well within the pinned configuration. Estimating the strain from the geometry, one obtains for this dot pattern 0.15%. As the strain in the deformation also scales with h 0 /σ, an increase in the possible strain by a factor of 2 could be achieved if AFM tips with smaller tip radius are used for patterning. The above calculation assumes that the graphene is adhered by van der Waals forces to the whole surface of the Gaussian shaped hole [37] . This is a reasonable assumption, since the graphene is pushed into close contact with the support during indentation. Therefore, it is expected that the adhesion is improved with respect to exfoliated graphene on SiO 2 , where the graphene layer is partially suspended [40, 41] .
The effect of strain on the orbital motion of electrons in graphene can be described using a vector potential, corresponding to a time reversal symmetric pseudo-magnetic field [2] . This vector potential is of the form: A = βh 2ae (u xx − u yy , −2u xy ), where β ≈ 2, a is the lattice constant, e is the elementary charge and u ij is the strain tensor [27, 2] . The resulting pseudo-magnetic field is given by B ps = (∇ × A) z , it's effect on graphene's electronic states having been measured previously by scanning tunneling microscopy [42, 41, 22] .
In order to calculate the pseudo-magnetic field induced by the indentation, we need to quantify u ij . Since, displacements in the z direction (perpendicular to the graphene plane) are much bigger than displacements in-plane, we can safely neglect the in-plane component [43, 41] , resulting in a strain tensor: u ij = 1 2 ∂ i h∂ j h, where h is the out of plane displacement of the graphene layer. We can measure h by AFM topography maps, as long as the AFM tips used for imaging the indentation patterns are much sharper than the ones used to prepare the patterns (see Methods). As an example, the AFM topography of an indentation hole pattern (see Fig. 3a ) has been used to calculate the strain tensor and the resulting pseudo-magnetic field (Fig. 3b) by numerical differentiation of h. The resulting pattern of B ps is largest around the indentation marks (see dashed circle in Fig. 3b ) and forms a petal-like structure with alternating positive and Gaussians (Fig. 3c ). were estimated to be in the 1T range [46] . Therefore, AFM indentation can be used to significantly perturb in a tunable fashion the electronic properties of graphene.
In summary, scanning probe based techniques have demonstrated remarkable versatility in lithographically cutting nanostructures into graphene [47, 4] .
Here we have shown that in an analogous fashion, strain can be induced in For the indentation experiments the NanoMan lithography software of Bruker has been used. Between indentation steps the tip was moved in tapping mode.
At the begin of indentation the tip was lowered towards the sample surface with a z velocity of 400 nm/s, until deflection of the cantilever has taken place.
In the case of the dot patterns the tip was retracted with the same z velocity The typical cantilever spring constant was 40 N/m, with a tip radius of ∼15 nm (Tap300DLC, Budget Sensors). However, due to large variability in these parameters, the z movement was incrementally adjusted. An indentation experiment was always followed by imaging the patterned location for the onset of plastic deformation of the SiO2.
Raman measurements. Raman measurements were carried out using a Witec 300rsa+ confocal Raman spectrometer, using a 532 nm or 633 nm excitation laser.
